Triplet formation by charge recombination is a phenomenon that is encountered in many fields of the photo-sciences and can be a detrimental unwanted side effect, but can also be exploited as a useful triplet generation method, for instance in photodynamic therapy. In this Perspective we describe the various aspects that play a role in the decay of charge separated states into local triplet states. The observations and structures of a selection of ( pre-2015) molecular electron donor-acceptor systems in which triplet formation by charge recombination occurs are reported. An overview is given of some more recent systems consisting of BODIPY dimers, and BODIPYs attached to various electron-donor units displaying this same triplet formation process. A selection of polymer-fullerene blends in which triplet formation by (non-geminate) charge recombination has been observed, is presented. Furthermore, in-depth information regarding the mechanistic aspects of triplet formation by charge recombination is given on spin dephasing, through hyperfine interactions, as well as on spin-orbit coupling occurring simultaneously with charge recombination. The limits and constraints of these factors and their role in intersystem crossing are discussed. A pictorial view of the two mechanisms is given and this is correlated to aspects of the selection rules for triplet formation, the so-called El-Sayed rules. It is shown that the timescale of triplet formation by charge recombination is indicative for the mechanism that is responsible for the process. The relatively slow rates ( CR k T ∼ 1 × 10 8 s −1 or slower) can be correlated to proton hyperfine interactions (also called the radical pair mechanism), but substantially faster rates ( CR k T ∼ 1 × 10 9 up to 2.5 × 10 10 s −1 or faster) have to be correlated to spin-orbit coupling effects. Several examples of molecular systems showing such fast rates are available and their electron donor and acceptor orbitals display an orthogonal relationship with respect to each other. This orientation of (the nodal planes of ) the π-orbitals of the donor and acceptor units is correlated to the mechanisms in photodynamic agents and photovoltaic blends.
Introduction
Triplet excited state formation is of great importance for many applications such as photo-initiators for photopolymerization, 1 photodynamic (anticancer) therapy, 2 photodynamic antimicrobial chemotherapy 3 as well as light emitting diodes containing triplet emitters. 4 In photovoltaics, making triplets by using singlet fission 5 entails the promise of passing the Shockley-Queisser limit 6 by creating two free charged pairs from one photon. However, next to creating charges by using triplet excited states, also the reverse process, the formation of triplet states from charges has gained a lot of interest, especially in recent investigations of organic thin film blends that relate to photovoltaic materials. [7] [8] [9] Various reports on these matters state that there is no clarity regarding the mechanistic aspects of this loss channel in organic photovoltaic materials, [10] [11] [12] especially when occurring on a subnanosecond timescale.
Upon local photo-excitation of an electron donor-acceptor system, the excited singlet state is formed, from which charge separation can occur. The process of photoinduced charge separation has been described extensively, 13 and will not be dwelled upon here. Most charges that are photogenerated recombine back to a ground state singlet. Sometimes, high lying charge-transfer states can even repopulate the singlet excited state, leading to so-called delayed luminescence. 14 However, instead of recombining to the singlet, the charges can also recombine to form a triplet state. This pathway is more exotic, but there are many examples where this triplet formation by charge recombination process, sometimes also called triplet charge recombination, plays a role in the photophysical processes occurring after photoexcitation.
The triplet excited state contains two unpaired electrons with the same spin in separate orbitals. In the absence of a magnetic field, the three triplet levels are degenerate only for a totally symmetric system. However, for an asymmetric environment the so-called zero field splitting (characterized by D and E) orients the spin-vectors along the molecular x-y-z axis giving the T x , T y and T z triplet levels. Applying a magnetic field results in the Zeeman effect and the thus introduced magnetic operator (Hamiltonian) converts the levels into the more often encountered T + , T 0 and T − levels represented by their spin orientations relative to the magnetic field. 15, 16 In this work, examples are given of the experimental observations regarding triplet formation by charge recombination in molecular electron donor-acceptor systems studied in solution as well as in various polymer-fullerene thin film blends. Special attention is given to recent work on BODIPY dyes that are attached to electron donors, as well as BODIPY dimers. Next, the currently known mechanistic aspects for these processes are presented. Both (H-HFI) proton hyperfine interactions (= radical pair mechanism, RPM) as well as spin-orbit coupling are discussed in detail with relation to charge recombination. Focus is on the mechanistic aspects regarding the "electron spin-flip", implying that this is the rate determining step in these systems (not the energetics). A correlation (as well as a visualization) is made between the spin-orbit charge transfer intersystem crossing (SOCT-ISC) mechanism and the El-Sayed rules, the spin selection rules for triplet state formation (see section 5) .
It has to be noted that a third, more exotic (singlet fission) mechanism has also been proven. In a thin film of a TDI (terrylene-3,4:11,12-bis(dicarboximide)) derivative, an excited state dimer with charge-transfer character can split into two triplet states by singlet fission. 17 This third mechanism is beyond the scope of this Perspective.
Magnetic field effects in time resolved electron spin/paramagnetic resonance (TR-ESR/TR-EPR) also fall beyond the scope of this perspective. Interestingly these aspects regarding triplet formation by charge recombination have been reviewed very recently. 18 This Perspective is partly meant to be set up as a tutorial review. It assumes general knowledge of photoinduced charge separation as well as basic knowledge on triplet states. Indeed, the recombination of charges forming a triplet state as the "product" is our topic. This is an illustrative review, it is not a comprehensive survey, and reports on research published between 1968 and June 2019.
Within the theory of electron transfer, creating charges with light is often well described and understood within the framework of the Classical Marcus equation. The recombination of the charges is always more complex, often requiring the Semiclassical Marcus theory. Creating long-lived charges (by controlling the charge recombination) in order to use the energy of the photons to create an (electro)chemical potential or electricity still is an important scientific challenge. We believe that charge recombination to a triplet state is one of the most complex aspects of the electron transfer theory, as the role of spin comes into play and becomes one of the determining factors, next to all the other factors in the electron transfer theory.
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systems that can transfer their triplet excited state energy. By simply incorporating an electron donor or acceptor we can change the properties of molecules converting them into systems with high triplet yields by applying the triplet formation by charge recombination mechanism.
Fast molecular electron donoracceptor systems ( pre-2015)
We start with a selection of four molecular electron donor acceptor systems to show that structural factors play an important role in fast charge recombination to the triplet state. It is instructive to look at the some of the old work of Noburu Mataga, one of the most excellent Japanese photochemists of the 20 th century. The amount of detail and insight that this work displays is flabbergasting and a more in-depth explanation of some of these insights is part of our current mission.
Mataga and co-workers 19 observed the formation of locally excited triplet states (with τ CR (T) = 40 ps, τ CR (T) = decay time of charge-transfer (CT) state correlating to the time of formation of the local triplet state T) from charge-transfer intermediates in 1981. The fastest rate of triplet formation by charge recombination ( CR k T = 2.5 × 10 10 s −1 ) was observed for N-methyl-Nphenyl-1-pyrenemethanamine (see Fig. 1 ) in hexane.
These studies uncovered "the very fast generation of the triplet state localized on the pyrene (acceptor) moiety via the intramolecular charge-transfer state (referred to as hetero-excimer). The intersystem crossing rate depends rather strongly upon the mutual configuration of donor and acceptor groups as well as the solvent polarity. 19 The compounds with one CH 2 group where the two moieties are close but not parallel have much larger CR k T values compared to compounds with two or three CH 2 groups where the formation of a sandwich-type charge-transfer complex is possible". As reported by Mataga et al. 19 "the matrix element of the spinorbit coupling interaction between the heteroexcimer state and the so-called 3 L a state of pyrene, will become enhanced in the perpendicular configuration" (the L a transitions of pyrene are directed in the long axis of the molecule). This reasoning is the same as in the case of the relatively large spin-orbit coupling matrix element between π-π* and n-π* transitions. 19 Mataga and co-workers point to the perpendicular nodal planes of the molecular orbitals of the (aniline) donor and ( pyrene)acceptor playing a role in the process (see also section 5).
In 1995 Williams and Verhoeven reported 20 that "the relatively high triplet yield (Φ T = 0.8) and the absence of fluorescence (97% quenched) of the bridged C 60 (acceptor)-aniline (donor) system (see Fig. 1 ) indicates that charge recombination to the local fullerene triplet is a major decay pathway of the charge-transfer state in dichloromethane (a solvent with medium polarity)". Since nanosecond transient absorption spectroscopy was applied, it can be inferred that this charge recombination is occurring on a ∼ns time-scale. The 3D structure ( Fig. 1) shows that the aniline donor is virtually orthogonal to the curvature of the fullerene π-system. Just like the
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molecule studied by Mataga, a ∼90°angle between donor and acceptor is present.
Indeed, Williams et al. encountered triplet formation by charge recombination in 1995 as an exotic event without putting much emphasis on it. This work however has triggered computational studies that give useful insight: computational chemistry has advanced to such a level that excited state charge transfer processes are within reach. It is important to note that for such systems TD-DFT calculations on excited state electron transfer processes are possible. TD-DFT calculations of the electron transfer time (τ CS = 27 ps) of this system 21 in the strongly polar benzonitrile solvent as well as more exact determination of experimental times 22 of charge separation (τ CS = 5 ps) and recombination to the ground state (τ CR = 32 ps) have been reported. These latter results imply that accurate TD-DFT computations can be obtained for such excited state charge transfer processes and it would be highly interesting and computationally challenging to use TD-DFT to determine the charge-transfer integrals for triplet formation by charge recombination (see section 5).
Wasielewski et al. investigated "intersystem crossing in a series of donor-bridge-acceptor molecules involving photogenerated strongly spin exchange-coupled radical ion pairs" in 2012. 23 Their fastest system has a 3,5-dimethyl-4-julolidine (DMJ) donor, which is connected via an anthracene bridge to a naphthalene-1,8:4,5-bis(dicarboximide) (NI) acceptor. "Femtosecond transient absorption spectroscopy shows that photo-driven charge separation produces DMJ +• -An-NI −• quantitatively (τ CS ≤ 10 ps), and that charge recombination (with τ CR (T) = 158 ps) to the triplet state on An occurs ( CR k T = 6.3 × 10 9 s −1 )". The NI π system is perpendicular to that of An and parallel to that of DMJ. "Clearly, charge recombination in DMJ +• -An-NI −• will formally require two electron and/or hole transfers between mutually perpendicular π systems to produce 3 *An and necessitates consideration of the orbital changes of both charge transfers".
"The triplet sublevels populated by spin-orbit coupling in these molecules depend on the donor-acceptor geometry of the charge-separated state. This is consistent with the fact that the intersystem crossing mechanism requires suitable donor and acceptor orbitals which are nearly perpendicular. Electron transfer results in a large orbital angular momentum change that must be compensated by a fast spin flip to keep the overall angular momentum of the system constant". 23 Spin-orbit charge-transfer intersystem crossing (SOCT-ISC) is the nomenclature for the mechanism of these molecular systems. It relates directly to the mechanistic aspects for the orthogonal systems reported by Mataga and co-workers, as described earlier. In some of the slower molecules reported by Wasielewski, the radical pair mechanism (HFI) and SOCT-ISC operate simultaneously, with similar rates (τ CR (T) = 10 ns). Van Willigen and co-workers observed fast direct conversion of the singlet charge-transfer state into a local triplet state for naphthyl-acridinium compounds with EPR. Their experimental data is consistent with a (charged-shifted singlet state) 1 CSH → 3 LE (locally excited triplet state) mechanism of tripletstate formation. 24 In particular, the 10-methyl-9-(1-naphthalenyl)acridinium hexafluorophosphate dyad (1) (see Fig. 2 ) was held orthogonal due to steric rotational hindrance of the C-H groups of both electron donor (naphthyl) and acceptor (acridinium) subunits.
These examples of molecular electron donor-acceptor systems indicate that the specific orientation of the π-systems of the donor and acceptor are of great importance for the occurrence of fast triplet formation by charge recombination, and that this process is facilitated by spin-orbit coupling.
Many more examples of molecular systems are available in which the more general, slower triplet formation by charge recombination occurs. Verhoeven et al. reported rates of CR k T ∼ 1 × 10 8 s −1 for (HFI-limited) co-planar dimethoxynaphthanlene(donor)-dicyanovinyl(acceptor) systems studied with EPR 25 and with transient absorption spectroscopy. 26 Furthermore, for an artificial photosynthetic reaction center 27 a rate of CR k T = 2.2 × 10 7 s −1 was obtained. Based on these examples it is concluded that relatively slow rates ( CR k T ∼ 1 × 10 8 s −1 or slower) can be correlated to and can be dominated by proton hyperfine interactions (if spin inversion is the rate determining step and not the electron transfer energetics). Substantially faster rates however ( CR k T ∼ 1 × 10 9 up to 2.5 × 10 10 s −1 or faster), have to be correlated to spin-orbit coupling effects in orthogonal systems, as also inferred by Mataga et al. 19 and Wasielewski et al. 23 
BODIPY-based dimers and dyads
We proceed with an overview of recent work on BODIPY systems. The renewed strong interest in making triplets from charged states has resulted in a great variety of molecular structures, and attempts are made to obtain the ultimate system for this purpose. If we combine these works with the results presented in the previous section we can unify these two parts (see section 5).
Over the past two years, there have been a score of investigations into the use of BODIPY-related dyads as a heavy atomfree photosensitizer (PS). The following discussion entails these investigations as well as their outcomes, impact and applications. In general, BODIPY dyes by themselves are strongly fluorescent and are generally characterized by a fluorescence quantum yield close to unity. 28 Early 2017, Filatov et al. 29 demonstrated that BODIPY(acceptor)-anthracene (donor) dyads (BADs) form triplet states via photoinduced electron transfer (PeT). When excited with light these BADs yield charge separated states (CS or CT state) which, under the right conditions (solvent, donor-acceptor strength, distance) undergo charge recombination (CR) to form the desired triplet state. Using single crystal X-ray crystallography, the authors demonstrated that when irradiated under aerobic conditions, these BADs react with singlet oxygen ( 1 O 2 ) resulting in oxygen addition onto the anthracene moiety. Upon reaction with 1 O 2 , these dyads formed adducts where the 1 O 2 was covalently bound to the anthracene by breaking the aromaticity. These showed strongly increased fluorescence (because PeT is now impossible) and the authors noted that this property could be used in in vivo imaging in the future.
Zhao has made several contributions in the area of "BODIPY-based dyads that undergo triplet generation by CR". In 2017, with Wang 30 they studied BADs similar to ones of Filatov et al. 29 (Fig. 3 ). Additionally, other BADs were also prepared in order to enhance spin-orbit charge-transfer intersystem crossing (SOCT-ISC), which is related to an orthogonal geometry.
Dyads, 4 and 5, were compared with 2 and 3 (also studied by Filatov et al. in 2018, vide infra). 31 Using DFT calculations, they showed that 4 had the most restricted orthogonal geometry followed by 2, 3 and 5. The triplet yields however, did not follow that trend in polar solvents. In fact, the electron donoracceptor structures that were connected via the meso (5 position) of the BODIPY unit had the highest triplet yields (3 = 96% triplet yield in acetonitrile). BADs 4 and 5, whose donoracceptor moieties were connected via the position 2 of the BODIPY, only had triplet yields of ≤31% measured in dichloromethane, acetonitrile and toluene.
The authors state that orthogonality isn't the only necessity for quantitative triplet yields. They tentatively propose that the parallel/antiparallel (ground state) dipole moment orientation of the donor and acceptor results in more efficient intersystem crossing (ISC), thus creating higher triplet state yields. To our knowledge however, there is no theory that links these two aspects. Fig. 2 10-Methyl-9-(1-naphthalenyl)acridinium hexafluorophosphate dyad that undergoes triplet formation by charge recombination from a charge-transfer state. 24 As reported 19 by Mataga et al., it is the matrix element of the spin-orbit coupling interaction between the charge-transfer state and the triplet state that will become enhanced in the perpendicular configuration and is responsible for the rate of triplet formation by charge recombination (see also section 5: Mechanistic aspects).
Zhao and Wang tested the capability of 2 in triplet-triplet annihilation up-conversion (TTA UC). Using perylene as a triplet acceptor, the quantum yield for up-conversion was 15.8%, which is slightly higher than conventional TTA UC candidates (like the heavy atom containing BODIPY 6, that was also studied).
Zhang et al. synthesized four covalent BODIPY heterodimers in which dihedral angles tune the photosensitizing ability. 32 They aimed to understand the mechanism of triplet formation in BODIPY dimers as well as to elucidate "how dihedral angles in a BODIPY dimer affect the triplet state formation and whether it is possible to tune the T 1 formation efficiency". With the use of laser-flash photolysis and Near-Infrared (NIR) luminescence, the authors reported that the dimers in which the two units are perpendicular to each other are better triplet PSs than ones where the BODIPY units are coplanar. Comparing the UV-Vis absorption spectra of the dimers, the authors indicated that the lower dihedral angles between the BODIPY units result in the larger exciton coupling. The BODIPY dimer with a dihedral angle of 62°(d2; Fig. 4 ) showed the largest triplet yield (94% in toluene), which was corroborated by other models. 33 Polar solvents stabilize the CS state and therefore solvent polarity has a substantial effect on the triplet formation and 1 O 2 production. The steric hindrance induced by the methyl groups in the BODIPY dimers make the two chromophores orthogonal to each other and thus, allow them to be excellent triplet PSs. 31 The triplet formation is due to CR from CSS that results from PeT (Fig. 5 ). The photosensitizing ability of these PSs can be tuned not only by dihedral angles, but also by manipulation of solvent polarity.
Liu et al. prepared BODIPY dimers to determine the mechanism of triplet formation in these compounds ( Fig. 6 ). 34 The rates of triplet formation are given in Table 1 . The photophysical properties were studied using time-resolved and steady-state fluorescence spectroscopy. The fluorescence properties were solvent polarity dependent whereas this was not the case for the UV-absorption.
A red shifted BODIPY dimer, (8; with a carbazole moiety) as well as BODIPY dimers with donating or withdrawing groups attached to these BODIPY dimers (9 and 10) showed a decrease in the triplet yield. This was determined by comparing the intensity of the ground state bleaching signals and singlet oxygen quantum yields.
A calculation of the Gibbs free energy for PeT in these BODIPY dimers determined that charge separation in 10 is thermodynamically allowed. The authors stated that the triplet state yield is highest in solvents with moderate polarity. They claim that the ISC involved in this CR process is now most efficient (Table 1) as the triplet state is accessible in these moderate polarity solvents. Even though no long-lived triplet state was observed in 8, it has a cathodic shift of oxidation potential as well as an anodic shift of its reduction potential. Therefore, the authors conclude that the carbazole (donor) moiety facilitates charge separation leading to a unique CSS between one of the BODIPYs and this functional group. These results were not seen in the BODIPY dimers 9 and 10. Using femtosecond TA spectroscopy, the authors found ISC was most efficient in solvents with moderate polarity, especially for the unsubstituted dimer 7. These studies were also supported by TD-DFT calculations showing that the energy of the CSS was high in non-polar solvents and low in polar solvents. This implied CR was a driving force of ISC in solvents with moderate polarity and thus clarified the mechanism of SOCT-ISC in orthogonal BODIPY dimers. The carbazole containing BODIPY dimer (8) exhibits inefficient ISC. BODIPY dimer 7 has the highest singlet oxygen yield and the nitro-containing BODIPY dimer 10 shows a decrease in the triplet yield in solvents like dichloromethane and THF. In the amino-containing BODIPY dimer 9, however, there appears to be inefficient ISC in THF.
In 2018 Filatov et al. also reported that the solvent dependent fluorescence of BADs and their ISC relied on donoracceptor couplings. 31 The authors compared the triplet state yields (formed either by RP-ISC or SOCT-ISC from the CT state) of their BADs to the values published in their previous paper. 29 This comparison showed that especially the unsubstituted BAD displayed high populations of the CT state that was independent of the solvent polarity.
Studying the steady state absorption and emission properties of these BADs, it was found that the emission of the BADs was greatly affected by solvent polarity. Changing the substitution pattern in the BODIPY or anthracene subunits has a strong effect on the spectroscopic properties of these dyads. For example, BADs containing methyl groups on the 1, 3, 5 and 7 positions of the BODIPY indicated very efficient PeT in these dyads. The PeT efficiency of the BADs mainly depends on the electronic coupling between the donor-acceptor subunits and their redox potentials. 1 O 2 sensitization experiments were conducted with a variety of different BADs in both ethanol and hexane. They differed in extended conjugation, phenylene spacers and alkyl substitutions on the anthracene and BODIPY moieties. The emission quantum yields varied depending on solvent polarity and subunit structure. In hexane, there were higher 1 O 2 quantum yields obtained for 3,5-dimethyl-substituted BADs. The BADs with unsubstituted BODIPY (see Fig. 7 ) showed the lowest 1 O 2 quantum emission yields in ethanol (0.05-0.12) and higher values of 0.43 in hexane. The introduction of a phenylene spacer, thus increasing the distance between the electron donor and acceptor, reduces the PeT efficiency as the electronic coupling is decreased. The authors claimed that the different 1 O 2 emission quantum yields can be partly due to the larger energy gap between the local excited singlet state of the BODIPY (S BDP ) and the CT singlet state (S CT ), which is altered by the introduction of alkyl substituents. The authors found that the PeT is largely dependent on the S CT /S BDP energy gap and that increasing the distance between the donor and acceptor (by a phenylene spacer) minimizes ISC and results in poor triplet yields. Femtosecond and nanosecond TA spectroscopy was carried out on these dyads and they were split into two different sets. The first set was composed of molecules with the same anthracene unit and chemically varied BODIPY components while the second set kept the BODIPY constant and varied the anthracene. TA spectroscopy proved fast energy transfer (EnT) between Anthracene and BODIPY in orthogonal BADs. In lower polarity solvents, like toluene, the generated singlet states of these BADs decayed to the ground state without forming the CT states, indicating poor PeT. The authors were able to prove that in their orthogonal BAD (9-methylanthrancene and 1,3,5,7-tetramethyl BODIPY), the mechanism of triplet state formation was CT state recombination as opposed to direct ISC. With TA spectroscopy the authors show that in their Table 1 Photophysical data for compounds 2 to 12. Rates of triplet charge recombination ( CR k T ) are given where available. Fluorescence quantum yields (Φ F ), 1 
Ref. BADs, triplet generation via CR was much less efficient in nonpolar solvents even though a small amount of triplet formation occurred. DFT calculations and X-ray crystallography proved that directly linked BADs had almost orthogonal angles (68-88°C) clearly showing that all BADs studied were orthogonal with respect to the orientation of the BODIPY and anthracene subunits. This orthogonality would increase ISC. The electronic coupling between the local excited singlet state of the BODIPY (S BDP ) and the CT singlet state (S CT ) is responsible for PeT efficiency. This orthogonal geometry allows efficient electron transfer, providing high yields of CT resulting in efficient ISC and high triplet yields. Increasing the steric bulk onto already orthogonal BADs, by adding ethyl groups onto the 2 and 6 position of the BODIPY, results in a decreased PeT efficiency which decreases CT yields, ISC efficiency and overall triplet yields. Deviations from orthogonality in their BADs also reduced triplet state yields highlighting the importance of orthogonality in their dyads to produce the desired triplet state.
In summary of the study of Filatov et al., 31 structural factors and media polarity determine the dominant decay pathway. The correct amount of steric bulk, in terms of alkyl substituents, is needed to make PeT feasible for the BADs in polar solvents. Orthogonality reduces the gap between singlet CT state and triplet CT state. The authors also noticed triplet excited state generation in non-polar solvents in hexa-alkylated BADs.
In 2018, Filatov et al. reported on other dyads that can be used as heavy atom-free oxygen photosensitizers. 35 In BODIPYpyrene (BpyrD) and BODIPY-perylene dyads (BperD), BODIPY triplet states were formed following CSS formation.
They found that the BpyrD dyads produced higher triplet yields compared to previously reported BADs by the same group. 29, 31 The singlet excited states of pyrene(donor) undergo EnT to the BODIPY(acceptor) core in these dyads, following excitation at 355 nm. This is followed by PeT, generating a CSS equivalent to a radical cation of pyrene (Pyr •+ ) and a radical anion of BODIPY (BDP •− ). From this point, the CSS state can undergo ISC via two mechanisms: the radical pair ISC (RP-ISC) or spin-orbit charge-transfer ISC (SOCT-ISC). With the use of transient absorption (TA) spectroscopy, the authors confirmed triplet formation via PeT. 1 O 2 sensitization, of the triplet states formed from the CT states in these dyads, was evaluated by studying the trapping of 1,3-diphenylisobenzofuran (DPBF) in a polar and non-polar solvent (ethanol and hexane, respectively). They found the most efficient sensitization occurred in the unsubstituted BpyrD dyad in ethanol. The authors concluded that in order for PeT to occur, the energy level of the charge-transfer state (S CT ) must be energetically close to that of the electron donoracceptor's excited energy level (D-A*). Using DFT calculations, they explained that the alkyl groups increased the S CT and reduced the electron accepting ability of the BODIPY moiety. Hou et al. 36 synthesized phenothiazine(PTZ)-anthracene (An) dyads ( Fig. 8 ) with the aim of achieving orthogonal geometry thus enhancing SOCT-ISC. The bond between the electron donor and acceptor was 'varied to systematically tune the geometry constraint', therefore resulting in different coupling strengths (V DA ) and hopefully, increasing triplet yields. V DA values were determined by using the charge-transfer absorption bands as well as the charge-transfer emission properties.
They introduced their paper by stating that it had been recently shown that weakly coupled orthogonal multi-chromophore systems exhibit CR induced ISC. 37 Hou et al. assume that the more coplanar the donor and acceptor units within the dyad are to each other, the stronger the electronic coupling (higher V DA ). The emissive properties of their compounds indi- cated that the emission was governed by the strength of V DA between the electron donor and acceptor parts of the dyad. The emission of the acceptor appears to be controlled by modulating the conformational restriction. The authors use time-resolved electron paramagnetic resonance spectroscopy (TR-EPR) to confirm that the overall ISC is not due to the intrinsic ISC of anthracene, but SOCT-ISC must also play a role. The Gibbs free energy values indicated that PeT shows a thermodynamically favoured preference for polar solvents compared to non-polar solvents in their dyads. This corresponds to the fluorescent properties.
Using nanosecond TA spectroscopy, they confirmed that anthracene is a good electron acceptor and show that SOCT-ISC is the main mechanism in their PTZ-An dyads. Using femtosecond TA spectroscopy, they analysed the kinetics of charge transfer and triplet-state formation for their compounds (see also Table 1 ). TR-EPR can be used to discriminate between different ISC mechanisms (RP-ISC, SOCT-ISC or normal spin-orbit coupling ISC (SO-ISC)). 18, 38 Each mechanism yields different ESP (electron spin polarization) patterns. The ESP pattern of anthracene was drastically different from that of the PTZ-An dyads. Therefore, the ISC mechanism was largely affected by the attachment of PTZ(donor) to the anthracene.
They reported a novel finding for SOCT-ISC. Not only does the ESP pattern depend on the molecular conformation (orthogonal vs. coplanar), but it is also dependent on the electron donor structure. Using DFT calculations, they verified their approach to be efficient for conformational restriction and thus SOCT-ISC purposes (see also section 5). By introducing a methyl group on a julodine-An dyad that was previously studied by Dance et al., 37 they determined that the conformation was restricted to 69-102°between the electron donor and acceptor.
The authors use electron density difference maps to show that, for compound 11 (chemical structure in Fig. 8 ), singlet (S 1 = 1 CT) and triplet (T 2 = 3 CT) states are characterized by an intramolecular charge-transfer. According to the El-Sayed rules, the rate of ISC is greater if a radiationless transition involves a change of molecular orbital type. Leading on from this, the increasing spin-orbit coupling between the 1 CT and T 1 states can lead to a higher ISC rate. Computational results of this work are discussed further in section 5.
In 2019, Buck et al. reported that triplet formation in BODIPY-based dyads is controlled by spin-allowed transitions. 39 SOCT-ISC has to be faster than competing processes in order to form triplets in 'non-triplet-forming compounds' like BODIPY or perylene.
The authors show a generic scheme for triplet formation in donor-acceptor dyads ( Fig. 9 ) that complies to the work of El-Sayed in 1974, 40 the work of Van Willigen, 24 Wasielewski, 23, 37, 41 and Filatov, Senge 29, 31, 35 and Buck et al. 39 According to the authors, the recent studies conducted by Filatov et al., 29, 31, 35 Zhao et al., 30, 34, 36 lack magnetic field effects (MFE) measurements clearly indicating that SOCT-ISC is the main transition to populate triplet excited states. Buck et al. proceeded to carry out studies to answer one question: in relation to Fig. 9 , "how do the processes: CS, CR S and CR T ; relate to each other in terms of producing triplets?"
The authors used general orthogonal BODIPY-based D-A dyads to systematically tune the oxidation and reduction potentials therefore investigating the Gibbs energy changes associated with the three processes and how they affect triplet quantum yields. Their study revealed that the spin-allowed processes (CS and CR S ) largely control the triplet yield formation, rather than CR T (or SOCT-ISC). They also provided two general guidelines for improving triplet quantum yields in orthogonal D-A motifs, namely the close distance between donor and acceptor (<5 Å) and the adjustment of the CS state energy to suppress CR S pathway. The latter can most likely be done by making the CS energetically close to S 1 .
In this section, we see that BODIPY moieties in donoracceptor dyads that form triplet states via charge recombination can act as the electron acceptor or as both donor and acceptor (in the case of BODIPY dimers). BODIPY-based dyads have applications in in vivo imaging as well as in the many other photochemical processes. When these dyads are orthogonal they can undergo SOCT-ISC to form triplet states. In sterically strained BODIPY-anthracene Dyads (BADs), the highest triplet yields are observed in non-polar solvents. An optimal dihedral angle of approximately 62°is repeatedly found between the donor and acceptor moieties of these BADs. The ISC of these PSs can be tuned, not only by the angles between the two electron transfer moieties, but also by manipulation of the solvent polarity. Attaching electron donating and withdrawing groups to BODIPY dimers has reportedly resulted in a decrease in triplet yield. However, it is yet to be investigated whether this statement is true for all BODIPY dimers. The driving force for charge recombination and SOCT-ISC in orthogonal BODIPY dimers is optimal in solvents with moderate polarity. Singlet oxygen quantum yields vary depending on solvent polarity and subunit structure.
In summary, the key is to find the ideal balance between initial charge separation and recombination pathways. It has been shown that promoting SOCT-ISC, by suppressing the spin-allowed transitions using a unique feature of electron- Fig. 9 Jablonski-type energy diagram of process involving the photon absorption of a donor-acceptor dyad (D-A) to form a singlet localized on A ( S1 A*). This singlet can then undergo charge separation to a charge-separated state ( 1 CS). In certain conditions, a triplet (T 1 ) can be formed by recombination of the charges. 39 transfer reactions known as the Marcus inverted region, allows triplet formation by charge recombination to occur under favourable conditions but it is not always the preferred route. It is clear that ISC is dependent on solvent polarity and that SOCT-ISC can be the main ISC mechanism in orthogonal dyads. Some of the dyads discussed have shown promising results in vitro.
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Specifically, derivatives of the BODIPY-Anthracene Dyads and BODIPY-pyrene dyads, that were discussed by Filatov et al., have shown to have in vitro cytotoxicity against human breast cancer cells. 42 For more information on recent work on BODIPY molecules and their triplet states we refer to some excellent review papers. [43] [44] [45] From the great variety of compounds presented above we tentatively select two molecules to discuss a unifying theme in section 5: the BAD compound 2 (see Fig. 3 ) and the BODIPY dimer d2 (see Fig. 4 ). Both compounds give singlet oxygen/ triplet yields above 90% in the optimal solvent.
Polymer-fullerene blends
Within organic photovoltaic research, there are many examples where triplet formation by charge recombination is reported to occur in thin solid films. 7 These films consist of electron donating polymers with the (fullerene) electron acceptor incorporated into it. However, in contrast to the molecular electron donor-acceptor and BODIPY systems discussed before, these observations cannot be correlated to structural information regarding donor-acceptor orientation. The most studied com-bination with respect to this particular triplet formation pathway is PCPDTBT:PC 60 BM.
In 2013, Friend and co-workers 7 observed formation of the polymer T 1 state due to bimolecular charge recombination (= triplet formation by charge recombination) in a series of polymer-fullerene systems in which the lowest-energy molecular triplet exciton (T 1 ) of the polymer is lower in energy than the charge-transfer (CT) state. They stated that the formation of triplet excitons can be the main loss mechanism in organic photovoltaic cells. Four fullerene derivatives (PC 60 Fig. 10 for the molecular structures).
In the polymer-fullerene blends of PIDT-PhanQ:IC 60 MA and PIDT-PhanQ:IC 60 BA, triplet excitons are formed through bimolecular recombination on nanosecond timescales. They report that the values of β (rate constant for triplet-charge annihilation) vary by a factor of two with laser fluence. Tripletcharge annihilation occurs when a triplet state (in the film) interacts with a charge (in the film) and they annihilate each other. At fluence of 2 μJ cm −2 for the PIDT-PhanQ:ICBA blend they obtained a value of 0.58 for α (final triplet fraction) and a value of 2.2 × 10 −10 cm 3 s −1 for β. This demonstrates that a large fraction of charges underwent bimolecular recombination mediated by 3 timescale for their observations is 10 ns. By using PCPDTBT as the second polymer the authors generalized the results. "According to spin statistics, the encounters of spin-uncorrelated electrons and holes generate charge-transfer states with both singlet ( 1 CT) and triplet ( 3 CT) spin character in a 1 : 3 ratio. Relaxation of 3 CT states to T 1 states (energetically favoured), can be strongly suppressed by wave-function delocalization, allowing for the dissociation of 3 CT states back to free charges and enhancing the device performance. Decreasing charge recombination is possible due to the interplay between electron spin, energetics and delocalization of charges in these organic semiconductors". 7 This work focuses on proton hyperfine interactions being the mechanism for the interconversion of singlet CT into triplet CT states. Spin-orbit coupling is not considered. At their earliest observation time of t = 2 ns, 50% of the triplet states in PIDT-PhanQ:ICBA are already formed. Interestingly, this could imply that spin-orbit coupling plays a role here.
CT, to form triplet excitons. A characteristic
The same PCPDTBT polymer was studied in 2015 by Laquai et al. 9 who demonstrated that after exciton dissociation and free charge formation, fast sub-nanosecond non-geminate recombination (recombination of charges that were not created together by one photoexcitation) leads to a substantial population of the polymer's triplets state in a PCPDTBT: PC 60 BM blend. This complements the earlier work of Friend. It seems that in this blend of materials, two rates of triplet formation by charge recombination can occur, a fast sub-ns rate and a slow process on the 10 ns timescale. Laquai et al. 9 also reported that PSBTBT:PC 60 BM blends (with a silicon atom bridgehead) show a higher charge generation efficiency, but less triplet state formation at similar free charge carrier concentrations. The film morphology of the two blends are similar in terms of crystallinity, phase segregation, and interfacial contacts. But silicon substitution has a significant impact on the morphology of the blend (as well as hole mobility) and solidstate morphology. The interfacial structures of PSBTBT: PC 60 BM blends reduce non-geminate recombination, leading to superior device performance compared to optimized PCPDTBT:PC 60 BM blends. It is characterized by a decreased π-π stacking distance in conjunction with an increased lamellar stacking distance. For the PSBTBT:PC 60 BM blend, there is a significant change in the solid-state morphology that is not only related to the 2-ethylhexyl side chain organization, but also to an increase in molecular order and packing/aggregation of the PSBTBT polymer chains. Solid-state NMR studies also indicate a possible folding of the butyric methyl ester functionalities of the fullerene of PCBM to the PCPDTBT.
In 2014, Friend and co-workers revealed that upon addition of ODT (octane-dithiol), triplet generation in PCPDTBT: PC 70 BM was strongly promoted due to an increased generation of free charges. 46 Recent measurements 47, 48 on PCPDTBT: PC 60 BM blends revealed a lifetime of these CT states of a few hundred picoseconds, which according to the authors is too short to create a substantial yield of triplets by intersystem crossing (but as we discussed earlier, such observations have been made for molecular systems in solution, see section 2). The population of polymer triplet states occurs if the triplet state is lower in energy than the interfacial triplet CT state. This causes a downhill energy transfer process, which competes with re-dissociation of the CT state. This process adds another loss channel to the efficiency-limiting processes in organic solar cells, and hence likely decreases its efficiency.
Durrant and co-workers observed the generation of polymer triplet excitons in SiIDT-2FBT:PC 70 BM (but not for SiIDT-DTBT:PC 70 BM), (Fig. 11) . This occurs on a timescale of 1 ns (independent of laser-fluence, but charge generation is influenced by applied electrical bias). Population of singlet CT states is assumed to be followed by intersystem crossing (by HFI) to degenerate triplet CT states. There is no comment on the short time scale of this process. Charge recombination from 3 CT then populates the lowest lying polymer triplet state (T 1 ), thus limiting free charge generation in this system. Instead of CT state, the authors used the terminology of bound polaron pair (BPP). In contrast to the work of Friend and co-workers, the authors have inferred geminate charge recombination, implying that the charges that recombined into triplets have not escaped each other's coulomb field. The dynamics of free charge separation competing with recombination to polymer triplet states is studied in two closely related polymer-fullerene blends with differing polymer fluorination, differing linking thiophene groups and different photovoltaic performance by Durrant and co-workers. No quantification of the theoretical timescales relating to HFI or SOCT-ISC were reported. "For the SiIDT-2FBT:PC 70 BM blend, electron transfer across the interface creates coulomb-bound BPP states with a spin singlet character, in which the hole resides on the polymer chain, while the electron resides on the fullerene molecule. Motion of the polarons within their coulomb attraction field is likely to reduce their charge-exchange integral thus creating energetically degenerate triplet and singlet bound states that can efficiently interconvert, enabled by hyperfine interactions. 49 Once generated, the triplet BPP states serve as precursors for subsequent efficient back electron transfer to the lower lying polymer triplet excitons". 8 Other studies on charge recombination in low band gap polymer : fullerene donor-acceptor blends also show sub-ns triplet state formation from charges for both PDBTTT: PC 60 BM, 50 and diketopyrrolopyrrole (DPP) type polymer blends with fullerene adducts. 51, 52 The formation of triplet states in thin film blends of low band gap polymers and fullerene adducts has been the focus of many studies. The great variety of polymer molecular structures, the different types of morphologies and crystalline regions, different energetics as well as the large influence of laser power applied in optical studies makes triplet formation by charge recombination difficult to pinpoint within this field. Furthermore, interface layers and a potential difference (of 0.5 to 1 V) in real operating devices will induce band bending and change energetics. However, recombination to triplets can proceed faster than charge extraction and can be observed in working devices even under short-circuit conditions. The studies reported here are performed on spin-coated films on quartz.
Considering the previous sections on molecular donoracceptor systems and BODIPY's, there are hints to the following suggestion: the orientation of the π systems of electron donor and acceptor units in the solid state will influence the charge recombination process to the same extent as in welldefined molecular systems in solution. This implies that the specific orientation of the π systems of the polymer, relative to the π system of the fullerene adduct will be an important factor to control (Fig. 12) .
The suggestion that we postulate and model in Fig. 12 indicates that for the thin films containing two dyes ( perylene red and pyrene), two different conformations/complexes (similar to those in Fig. 12 ) must be present too. These two conformations are in agreement with the two reported rates of ∼1.04 × 10 10 and 7.21 × 10 7 s −1 for triplet state formation by charge recombination in a mixture of pyrene and perylene red (N,N′-bis(2,6-di-isopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bis-imide). 53 
Mechanistic aspects
In the previous sections we have reported various examples of molecules and materials in which triplet formation by charge recombination has been observed, and important factors such as the orientation of donor and acceptor, the nodal planes of orbitals involved, hyperfine interactions and spin-orbit coupling have been indicated. Here we describe some of these mechanisms in more detail and correlate them to representative rates.
Proton hyperfine interactions
Next to spin-lattice relaxation (T 1 ) and spin-spin (longitudinal) relaxation (T 2 ), spin de-phasing can also occur due to hyperfine coupling (coupling between nuclear spin and electron spin) and cause intersystem crossing. This process can be approximated by using T 2 *, the transverse relaxation time (T 1 > T 2 > T 2 *) also known as the spin de-coherence or the spin dephasing (interconversion) timescale, which is given by:
It depends on the g-value (mainly ranging between 1.80 up to 2.20), µ B , the electronic Bohr magneton (5.78838 × 10 −5 (eV T −1 )), the hyperfine coupling constant (a H ) as well as Planck's constant (6.58212 × 10 −16 (eV s)). The magnitude of the hyperfine constant (in Tesla) has a large influence on the spin dephasing time. If we simplify this and assume g = 2 we get T 2 * = (5.686 × 10 −9 /a H ), with the a H values expressed here in mT. Through the hyperfine interaction, the spin of the nuclei can Fig. 12 Representation of the different orientations of polymer donor and fullerene acceptor units in a thin solid film, in which the aromatic core of the polymer units is considered as a relatively flat building block for simplicity. Schematic orientation of the π-orbitals is indicated (brown p orbitals). In the left structure triplet formation by charge recombination will be enhanced due to orthogonal π-orbitals. interact with the electron spin causing it to change and thereby spin-flip. Hyperfine interactions are named after the hyperfine splitting of the peaks observed in EPR (or ESR) spectra.
For the molecular donor-acceptor system of Mataga and coworkers, 19 we can take values for the radical anion of pyrene and the radical cation of dimethylaniline. The three hyperfine coupling constants for the unsubstituted pyrene radical anion have been reported 54 to be 0.489, 0.226 and 0.10 mT with the g-value 55 being 2.002724. We can then estimate the value of T 2 * to be between 1.16 × 10 −8 s and 5.68 × 10 −8 s. The fastest rate would be CR k T = 8.61 × 10 7 s −1 , which is remarkably close to that measured 53 in thin films containing pyrene CR k T = 7.21 × 10 7 s −1 . However, clearly the rate in the orthogonal molecular system studied by Mataga et al. in solution is much higher, 19 and cannot be explained with the T 2 *.
For N,N-dimethylaniline, the hyperfine coupling constants for the ortho and meta hydrogen atoms 56 are between 0.6 and 0.079 mT from which we can estimate T 2 * between 7.18 × 10 −8 s and 9.48 × 10 −9 s (fastest rate of CR k T = 1.05 × 10 8 s −1 ) in reasonable agreement with those obtained for pyrene.
In order to estimate the timescale of intersystem crossing, we need to look into EPR data of polymer-fullerene blends. In purely organic photovoltaic materials, the main nuclear spin that is present is related to the protons (H-HFI). The presence of other atoms in the polymer (besides hydrogen, carbon and nitrogen) that have a high relative abundance of isotopes with nuclear spin like fluorine, sulphur or phosphorus can be of importance.
There are various reports 57, 58 of g-values for polymer-fullerene blends and they all are very close to 2, ranging from ∼1.998 to 2.005. For P3HT/PC 61 BM and P3HT/PC 71 BM composites effective, isotropic g-factors of the methanofullerene anion radicals were 1.99983 and 2.00360, respectively.
The hyperfine constants, however, are not so easily obtained, but also indicate a slow process (∼5 to 22 ns timescale relating to a H values of 32.2 and 7.3 MHz [∼(32.2/28) = 1.15 and ∼0.26 mT] reported for thin films with fluorine containing oligomers [e.g. dithienosilole-fluorobenzothiadiazole] and PBCM). 59 The hyperfine coupling constant is directly related to the distance between peaks in a spectrum and its magnitude indicates the extent of delocalization of the unpaired electron over the molecule. However, we can also use the Δg values.
A second approach to estimate the rate of triplet formation by charge recombination is related to magnetic field effects. 60, 61 Using the magnitude of the magnetic field (B) of the Earth, together with the g-values of the radical cationic and radical anionic species, it is possible to estimate a timescale for the process.
with ν in GHz and B in kG. The Earth's magnetic field is ∼50 µT (0.5 G). Δg for typical radical pairs can be up to 0.004, leading to a rate of ∼2.8 × 10 −6 GHz. At low magnetic fields, the rate for magnetic field induced triplet CT state formation is very low (2.8 × 10 3 s −1 ).
Based on the information on H-HFI, we have to conclude that rates of triplet formation by charge recombination (10 9 s −1 up to 10 10 s −1 ), that are one or two orders of magnitude higher than the rates related to HFI (10 8 s −1 ), have to be related to other physical effects and can be not be explained by spin dephasing.
By looking into the quantum chemical background of the H-HFI interactions more insight can be gained into this mechanism. The Hamiltonian given 62 by Frankevich et al. describes the hyperfine interactions:
The first term represents the Zeeman interaction which depends on the g factor, with Ŝ the total spin vector, H the magnetic field. The second and third terms represent the interaction between the electron (Ŝ 1,2 ) and nuclear (I) spins while the fourth term represents the exchange interaction J (r) or the quantum mechanical correction to the classical electron-electron repulsion. J (r) is based on the Pauli exclusion principle, which says that no two electrons can have the same four quantum numbers (in other words if two electrons occupy the same orbital, they must have antiparallel spins). This leads to a quantum mechanical correction to the classical electron-electron repulsion. This will usually increase the energy for paired spins or singlets and decrease the energy of unpaired spin states or triplet states because the electrons cannot occupy the same orbital.
These H-HFI effects in a system can be visualized by looking at the interactions between the hydrogen atoms nuclear spin (I) and the spin of the electron (S 1 ) (Fig. 13 ). The relatively slow process can be viewed as small separate pushes of the nuclear spin momenta resulting in a relatively slow dephasing of the electron spin of the radical cation or radical anion. A vector description of these spin-spin interactions is given in Fig. 13 .
Spin-orbit coupling
Due to the conservation of momentum, a change in (electron) spin magnetic momentum has to be compensated by a change in orbital magnetic momentum. The change of molecular orbitals related to a transition is coupled to the change in electron spin. "In molecules such as acetone and, for example, aromatic ketones, that are known for their high triplet yields, the n-π* transition of the carbonyl group can be viewed as the transfer of charge from the lone pair of the oxygen atom to the π* orbital mainly located on the carbon atom. 63 This exemplifies the importance of charge transfer in triplet state formation. The orbital magnetic momentum is changed when the interacting orbitals are located in different areas of the space on the molecule, compensating the change of spin magnetic momentum of the electron (spin-orbit coupling)". In fullerene C 60 , the orbitals related to the (very efficient) transition to the triplet state change from "pole" based to "equator" based. 64 Thereby, the change in orbital magnetic momentum can be anticipated. Orthogonal donor and acceptor units can easily fulfil the change in orbital magnetic momentum, upon back electron transfer interaction. As discussed earlier, this mechanism has been implied by Mataga and co-workers 19 in 1981. It was also inferred in 1996 on the basis of TR-EPR of acridinium systems by van Willigen et al. 24 By looking into the quantum chemical background of spinorbit coupling interactions, we can gain more insight into this mechanism. Spin-orbit coupling is the result of the spin-operator expressed by its Hamiltonian.
We can use the approach given 65 by Beljonne and Bredas: "The spin-orbital Hamiltonian is the interaction between the spin and orbital motions of an electron (spin-orbit coupling) and induces a mixing between singlet and triplet excitations.Ĥ
in which αfs is the fine structure constant, Zμ is the effective nuclear charge for nucleus μ, L and S are the orbital and spin momenta, respectively, r = distance between the nucleus and the electrons. This interconverts the singlet charge-transfer excited state into the triplet charge-transfer excited state (middle). When this is formed, fast spin allowed charge recombination to a local triplet state can occur (bottom). The T 0 level is populated specifically (and not the T + or T − , see also Fig. 15 ). The red arrow in the three electron configurations depicts the dephasing and transferring electron. A magnetic field is present in the z direction, for the purpose of simple spin representation.
This Hamiltonian represents the coupling between the spin and orbital momenta of the nucleus (μ) and the electron (i).
The Golden-rule expression for radiation-less transitions can be used to compute the intersystem crossing rates, k IF ISC , between an initial singlet state I and a final triplet state F:
where the Franck-Condon weighted density of states, FCWD, is the density of vibrational states in the triplet times the Franck-Condon vibrational overlap. The FCWD term (in high-temperature limit) is given by:
Here, ΔE is the energy difference between the initial and final states, (here the singlet-triplet energy splitting), and λ denotes the Marcus reorganization energy".
So basically, the expressions are very similar to the regular equations for electron transfer, but the main difference is the Hamiltonian. In regular electron transfer processes, this is related to the electronic coupling between the electronic orbitals of two states. Now it relates to the coupling of the spin magnetic momenta and the orbital magnetic momenta of the two states. It is not the electronic coupling (normally called V, or H DA ) but the spin-orbit coupling between the initial and final states.
The wavefunctions on which the spin-orbit Hamiltonian operates can be specified in more detail: the orbitals of the radical anion and the orbitals of the radical cation (the chargetransfer state) and the orbitals belonging to the final triplet state should be the ones to consider.
This gives us the so called "spin-orbit coupling matrix element"(= SOCME). Orthogonality of the nodal planes of the interacting orbitals may be an important factor.
The selection rules for triplet state formation are known from the work of Mostafa El-Sayed (El-Sayed rules). 40, 66 These rules have been visually correlated to orbitals and electron spin by Turro. 67 Turro demonstrated via the use of orbitals in the carbonyl group of acetone how intersystem crossing is the movement of an electron from a P y orbital to a P x orbital ( Fig. 14) . First, such an example is presented here using a rotating vector description of electron spin, which is then correlated to the spin-vector description and to molecular orbital changes occurring in orthogonal electron donor-acceptor systems (Fig. 15 ).
Considering that HFI and SOCT-ISC mechanisms can operate in one particular system at the same time, it is impor- Fig. 14 Visualization of the selection rules for spin-orbit coupling for a carbonyl compound. For a 1 (π-π*) singlet excited state (top), the transition between the orthogonal doubly occupied n orbital (green) and π orbital (red, single occupation) provides the spin-orbit coupling to enable the electron spin flip and produce the 3 (n-π*) triplet excited state (bottom). We use the rotating frame vector representation and the selection rules for triplet state formation of a 1 (π-π*) singlet into a 3 (n-π*) triplet (adapted from ref. 67) . It is a qualitative orbital description of the basis for allowed intersystem crossing. The red arrow in the two electron configurations depicts the flipping electron. A magnetic field is present in the z direction, for the purpose of simple spin representation. tant to stress that HFI is a 'localized' interaction occurring between electron spin and nearby nuclear spins. As such, the timescale of this process will not depend on the distance (nor orientation) between the donor and acceptor unit. However, in the SOCT-ISC mechanism a coupling term is present, that will show a strong distance (and orientation) dependence. 68 Further inspection of Fig. 15 shows two more aspects: without dephasing, the triplet level that is formed specifically by SOCT-ISC is the so-called T + (or the T − ) level. In the T 0 level the two electron-spins point in opposite directions and should have the same phase (see e.g. Fig. 13 , a result of spin dephasing; see also ref. 16 , page 147). Furthermore, the spin-orbit Hamiltonian will operate between the charge-transfer state (consisting of the 'electronically coupled' radical cation and radical anion) and a local triplet state that can be localized on the donor or the acceptor.
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If the triplet is formed on the donor, the orbital symmetry of the radical anion of the acceptor will play a more important role (next to that of the donor triplet) for the magnitude of the spin-orbit coupling interaction matrix element. If the triplet is formed on the acceptor, the orbital symmetry of the radical cation of the donor (next to that of the acceptor triplet) will play a more dominant role in the transition. Within the singlet charge-transfer excited state (top), the transition between the singly occupied orthogonal acceptor π*-orbital (green) and donor π-orbital (red, single occupation + empty π*) provides the spin-orbit coupling to enable the simultaneous spin flip and produce the local triplet state excited state 3 (π-π*) on the donor (bottom). Upon charge transfer accompanied by an electron spin flip, the orbital magnetic momentum change (of the orthogonal orbitals involved in the transition) compensates for change of electron spin magnetic momentum. The orthogonal orbital (nodal plane) relation in the transition is important. The T + (or T − ) level is populated specifically (and not the T 0 level, see also Fig. 13 ). The red arrow in the two electron configurations depicts the flipping and transferring electron. A magnetic field is present in the z direction, for the purpose of simple spin representation.
As discussed in section 2, Weber and co-workers have been able to apply computational chemistry to determine important aspects for the triplet formation by charge recombination for compound 11 and 12. 36 By using experimental data from charge-transfer absorption and charge-transfer emission properties they determined a rather large V DA value of 0.16 eV (= 1290 cm −1 ) for 12 (related to the charge separation). By using DFT methods (TD-DFT and the Dalton code) they were able to calculate the magnitude of the spin-orbit coupling interaction matrix element (SOCME) to be 2.37 cm −1 for compound 12, and 0.37 cm −1 for compound 11. These small interaction energies are enough to mediate charge recombination to the triplet (by SOCT-ISC) on a ∼1 ns timescale. So clearly is it possible nowadays to calculate the magnitude of the coupling that mediates TCR. This is also possible with ADF (see section 6).
Although it is most certainly an oversimplification, we can apply a frontier molecular orbital description (FMO) as a starting point to identify the orbitals that mainly play a role in the triplet formation by charge recombination process. Such an approach results in the simplified orbital representation in Fig. 16 . By using such an FMO scheme, [69] [70] [71] we can identify that the TCR process will be an interaction between the HOMO of the acceptor and the HOMO of the donor. We refer here to the orbitals of the neutral system. In fact, the SOMO of the radical cation of the donor and the HOMO (below the SOMO) of the radical anion are the active orbitals, but for simplicity we consider the orbitals of the neutrals. We assume that the symmetry properties of these orbitals are similar.
For the system studied by Mataga as well as for the BAD system 3 and the BODIPY dimer d2 the HOMO of the donor together with the HOMO of the acceptor clearly show a special feature. Double orthogonality of the nodal planes is observed. Not only are the nodal planes related to the two molecular planes of donor and acceptor orthogonal, also the 'secondary' nodal planes of the orbitals are orthogonal! This was already stipulated by Mataga in 1981, but here we visualize these requirements for triplet formation by charge recombination (see Fig. 17 ). Note that for compound 4 these requirements do not hold, and that this compound does not show substantial TCR (as well as for compounds BB5 and BB6 in ref. 34) ( Fig. 3) .
Note that in d2 there is a ∼90°twist angle between the red part and the blue part. In the first molecule both angles (between the molecular planes and the secondary nodal planes) are approaching 60°. For 3 the angle is estimated to be between 78 and 85°(see ref. 31 ). Fig. 16 Frontier molecular orbital description of triplet formation by charge recombination in a donor (D) acceptor (A) system. Upon excitation of the acceptor (A*), charge separation (CS) can occur to give the radical anion (A •− ) and the radical cation (D •+ ). Now TCR (triplet formation by charge recombination) can occur via a charge transfer accompanied by a spin flip, leading to the triplet state of the acceptor ( 3 A). In an energy scheme, the triplet state is lower than the charge-transfer state (note the difference between "energy of state" and "energy of orbital"). The triplet state decays through intersystem crossing (ISC) back to the ground state. HOMO and LUMO levels are represented for the neutral starting systems. Fig. 17 Orbital representation of the HOMO of the electron-donor (in blue) and the HOMO of the electron-acceptor (in red). The black dotted lines represent the secondary orthogonal nodal plane. The first orthogonal nodal planes of the orbitals are the molecular planes of the donor unit and acceptor unit (with a ∼90°angle between the π systems). Double orthogonality of the nodal planes is present. See Fig. 1 for a 3D A similar approach can be applied to systems in which the triplet is formed on the donor (like in the polymer fullerene blends discussed in section 4). Here however, the character of the LUMO of the donor and the LUMO of the acceptor will be the most significant (again referring to the orbitals of the neutral systems). This does imply that the energetics has to be such that TCR is possible, leading to triplet formation on the donor.
Hereby we have identified a unifying theme, that connects the early donor acceptor systems (in section 2) with the recent BODIPY work (in section 3): double orthogonality of the nodal planes. The key is not the ground state dipole moment, nor the transition dipole moment of the two separate transitions (CT and triplet), but the specific orbital symmetry properties. This fits the concept that the spin-orbit Hamiltonian operates between the initial and final state and has a maximum output when orbitals are orthogonal.
Conclusions and outlook
Triplet formation by charge recombination has been observed in numerous molecular electron donor-acceptor systems. 72 However, examples of systems in which this process occurs well below a 10 ns timescale, are scarce. The recent intensive research on BODIPY systems has renewed the interest in triplet formation by charge recombination, as well the work on organic photovoltaic materials. The main viable mechanistic factors that play a role in the formation of triplet states in which the precursor state is not a locally excited singlet state, but a charged state, are proton hyperfine interactions (H-HFI) as well as spin-orbit coupling (SOCT-ISC). These two interactions can be quantified (see section 5). When we look at the various other possible mechanisms we see that they occur on a much longer timescale.
Triplet formation can occur by geminate (in molecular systems) or by non-geminate processes (in thin films). In long lived (geminate or non-geminate) charge-transfer states, HFI is inevitable and will lead to formation of triplet CT states through the localized interactions of nuclear spins and electron spin on a ∼10 ns timescale. Electron donor acceptor systems that do not contain nuclear spins are so far unknown (to us). The triplet CT state can recombine fast to a local triplet state without spin-forbiddenness (via spin-allowed transitions), if the energetics allows this. However, in short lived singlet CT states, fast competitive spin-orbit coupling can lead to direct local triplet state formation on a ∼40 ps timescale. The selection rules for triplet state formation become important and imply short distance and orthogonal orbitals, with double orthogonality of the nodal planes. As the origins of these interactions (HFI and SOCT-ISC) have a quantum-chemical basis these effects will ultimately be related to the nature of the Hamiltonian that couples the two states: a trivial assessment with complex consequences. With modern computational methods however, it is possible to calculate the so-called transfer integrals (or SOCME) between CT states and local triplet excited states, (also as a function of a rotating bond between donor and acceptor) for the SOCT-ISC mechanism. From several experimental studies, 60°angles between the nodal planes of the orbitals seems optimal. FMO analysis suggests that double orthogonality of the nodal planes is an important factor.
The physical and quantum chemical effects that play a role in the formation of local (excited) triplet states from charged states can be visualized by using a spin-vector description together with a molecular orbital representation. Thereby we can understand and describe these factors in a better way, expanding on the visualizations provided us by Turro.
We can exploit triplet formation by charge recombination by using it as an 'alternative' method to generate triplet states. This paper begs the question: what can the produced triplets be used for? While there will likely be many applications in the photosciences, we have seen their application in PDT already. Can all dyads that undergo triplet charge recombination be used for Photodynamic Therapy? In Vitro tests can be carried out to determine the best candidates. After this, evaluation of their photosensitizer properties will have to be assessed. BODIPY's can also be attached to known photosensitizers to see what their capability as a singlet oxygen photosensitizer is. There is also an ideal situation that many types of dyads can use this triplet formation method that results in the next big photosensitizer that cannot only be used in photodynamic therapy but in many other photo-associated applications as well.
Applying the principles of triplet formation by charge recombination to photodynamic therapy not only implies optimizing the orientation of the donor and acceptor (and the nodal planes of their orbitals), but also the charge generation has to be optimal and the energy difference between the CT state and the triplet state has to be fine-tuned.
If we want to understand, control or predict charge recombination, we need to quantify the 1 CT → 3 CT interconversion characterized by T 2 * (and HFI) as well as the 1 CT → T 1 conversion characterized by the SOCME, the transfer integral for the SOCT-ISC mechanism. Both quantities can be determined experimentally 73 or with computational chemistry. 36, 59, 74, 75 Abbreviatons 
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